The aim of this review is to report on the current status of prostate-specific membrane antigen (PSMA)-directed theranostics in prostate cancer (PC) patients. The value of 68
Introduction
Recognized imaging agents for prostate cancer (PC) include 18 F-/ 11 C-choline, 11 C-acetate, 18 F-fluciclovine (FACBC), 18 F-16β-fluoro-5α-dihydrotestosterone (FDHT), 18 F-NaF and conventional 99m Tc-labeled phosphonates. The theranostic history of PSMA ligands started with radiolabeled anti-PSMA antibodies (e.g., Prostascint®) [1] first introduced more than 20 years ago at the John Hopkins' University [2] . These compounds did not gain wide-spread clinical acceptance until 2012 when the first human studies with the 68 Ga-PSMA-11-ligand [3] were performed at Heidelberg [4] . Within the last 5 years, the rapid development of different PSMA ligands and their clinical use has resulted in numerous publications, which established a new and comprehensive area of nuclear medicine from imaging to personalized peptide radionuclide ligand therapy (PRLT) of PC patients.
PSMA is a cell-surface enzyme that is continually internalized (synonym: glutamate carboxypeptidase II; folate hydrolase I; [5, 6] . This cell-surface protein (750 amino acids, 84 kDa) is overexpressed in PC [7] and its expression increases progressively in higher-grade tumors, metastatic or hormone-refractory disease, and under androgen deprivation therapy [ADT] . The level of PSMA expression is a significant indicator for disease outcome [8] . PSMA is not entirely prostate-specific, and it is expressed physiologically in normal cells including the small intestine, proximal renal tubulus, thyroid neoplasms, salivary and lacrimal glands (with potential impact on the side effect profile when used as targeting molecule) but also in other cancers such as renal cell cancer [9] due to an overexpression of PSMA on cancer-related neovascular structures.
A variety of PSMA ligands for PET as well as SPECT imaging have been introduced into the clinic over the recent years. Most literature exist for 68 Ga-PSMA-11, but there are also some publications for 68 Ga-PSMA-I&T and 68 Ga-PSMA-617. The EANM and SNM guidelines [10] assume that the differences in the diagnostic capacity of these new radioligands are marginal, although no direct comparative studies are available.
In general, data from prospective multicenter trials are not yet available for 68 Ga-PSMA ligands. None of these tracers has been approved, neither by the European Medicines Agency (EMA) nor the United States Food and Drug Administration (FDA). This is also a limitation within the most recent registration of the first 68 Ge/ 68 Ga generator describing Ba medicinal product which allows direct, simplified preparation of 68 Ga-radiopharmaceuticals in combination with licensed kits^ [11] .
Since the life expectancy of patients with localized PC is more than 10 years [12] , a careful choice of therapy approach is warranted. The National Comprehensive Cancer Network (NCCN) guidelines for PC [13] provide multidisciplinary recommendations on the clinical management of patients with PC based on clinical evidence and expert consensus. In newly diagnosed local PC, Bactive surveillance^and Bwatchful waiting^for low-risk patients is appropriate. Intermediaterisk patients have a risk of 3.7 to 20.1% for lymph node (LN) involvement and dissection should be performed if the risk exceeds 5% [14] . High-risk patients should undergo radical prostatectomy (RP) combined with extended LN dissection and locoregional radiation therapy (RT) [15] . Multimodality treatment is appropriate for high-risk disease including imaging procedures and long-term ADT. PC patients are generally treated by salvage RT to the prostate bed when local relapse is suspected and by ADT when systemic relapse is suspected. During follow-up, about 50% of patients treated initially by RP or RT experience biochemical recurrence (BR) [16] . Metastases-directed therapies could play a significant role in PC patients with CR if the imaging tool could accurately locate the lesions. 11 C-Choline PET/CT has been proven to be a superior imaging tool compared to conventional imaging with significant impact on patient management despite of relatively low sensitivity in patients with low PSA levels [17] .
Given that bone is the major site of distant metastases formation bone-targeted imaging and radionuclide therapy for bone pain palliation ( 153 Sm-ethylendiamine-tetramethylenphosphonate(EDTMP), 223 Ra (Xofigo® [18] ), 177 Lu-labeled bisphosphonates [19] , and direct bone marrow tumor cell killing [20] ) have been implemented.
BTheranostic imaging^(therapy: Greek therapeia: to treat medically; knowledge: Greek: gnosis) refers to the combination of a predictive biomarker with a therapeutic agent [21] . The theranostic concept based on PSMA overexpression led to the use of PSMA ligands for systemic therapy in patients with castration-resistant (CR) PC. The aim of this review is to report on the current status of PSMA-directed theranostics in PC patients. The value of 68 Ga-PSMA-directed PET imaging as a diagnostic procedure for primary and recurrent PC as well as the role of evolving peptide radioligand therapy (PRLT) in CRPC is assessed. The current available literature envisions that the theranostics of PC will be commonplace in the personalized care of men. Table 1 gives an overview of PSMA ligands that have been studied in PC patients both for diagnosis and therapy. A variety of other PSMA-targeting radiopharmaceuticals have been reported, but so far not been evaluated in patients.
Radiopharmaceuticals
The current clinical success of radiolabeled PSMA ligands is based on a small motif binding to the catalytic N-acetyl-Laspartyl-L-glutamate hydrolyzing site in the PSMA molecule. This 2-[3-(1,3-dicarboxypropyl)ureido]pentanedioic acid (DUPA) motif was first described by Kozikowski et al. [34] . Eder et al. [3] introduced a specific chelator for gallium, N,N′-B i s ( 2 -h y d r o x y -5 -( e t h y l e n e -b e t acarboxy)benzyl)ethylenediamine N,N′-diacetic acid(HBED-CC) via a Lys-Ahx linker resulting in the compound PSMA-11, and showed that the lipophilicity of the HBED-CCchelator revealed superiority over well-established 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), at the same time maintaining high-affinity to PSMA [22] . As HBED-CC only binds 68 Ga and not other trivalent radiometals such as 177 Lu or 111 confirmed the high uptake by PSMA-expressing tumors and at the same time showing reduced kidney retention as compared to PSMA-11, which makes this ligand suitable for radionuclide therapy applications. However, as the reduced kidney retention is based on slower pharmacokinetics, the imaging properties seem to be inferior compared to 68 Ga-PSMA-11. PSMA-617 was also applied in patients labeled with 225 Ac for therapy [36] and 64 Cu for diagnosis [37] . In parallel, Weineisen et al. [24] reported on another DOTA-PSMA ligand, BPSMA-I&T^, with two phenyl substitutions in the side chain, but also based on the DUPA motif. This compound was labeled both with 68 Ga and 177 Lu for theranostic applications and was shown to efficiently target PSMA-expressing tumors in PC patients. Recently, the same group has reported PSMA-I&S to be labeled with 99m Tc [25] . It is based on the DUPA motif with a mercaptoacetyltriserine (MAS3) as chelating moiety for 99m Tc involving a linker with a lipophilic naphthyl and Tyr residue. Already Molecular Insight Pharmaceuticals developed a series of 99m Tc-PSMA ligands based on the DUPA motif and introduced it into prospective clinical trials [26] , two compounds, MIP-1404 and MIP-1405, both based on an imidazole modification for binding the Tc-tricarbonyl-core. The same company also developed radioiodinated compounds using a p-iodo phenyl substitution. One of them, MIP-1095, showed excellent targeting properties when labeled with 123 I [27] and was used subsequently labeled with 131 I for therapy studies. Furthermore, 18 F-labeled compounds have been developed and used for PSMA imaging. The first were developed by the group of Pomper et al. [28] at the John Hopkins University, using a F-fluorobenzyl-L-cysteine attachment to the DUPA motif, called 18 F-DCFBC. A further development, 18 FDCFpyl with a fluoro-nicotinic acid substitution [29] , was introduced to clinical trial by Progenics Pharmaceuticals. Most recently, the group in Heidelberg presented an 18 F-labeled version, PSMA-1007, introducing a lipophilic spacer with naphthyl substitution [30] and showing comparable imaging performance in patients to 68 Ga-PSMA-11 [31] . Before the DUPA motif was described to target PSMA in a highly specific way, already other strategies have been pursued in the attempt to develop PSMA-targeting radiopharmaceuticals. In particular, antibody-based constructs were developed for radiolabeling directed against the PSMA-protein. 111 In-capromab pendetide (ProstaScint®), based on the murine monoclonal antibody 7E11-C5.3, was widely used, particularly in the US for SPECT imaging of PC [32] . It is directed against an intracellular domain of PSMA, therefore not reaching high sensitivity in imaging. This concept was further developed towards the humanized antibody J591, directed against the extracellular domain of PSMA and was labeled with 111 In for dosimetry and 90 Y as well as 177 Lu for therapeutic applications [2] . It showed promising results in a number of clinical trials. As intact antibodies exhibit well-known limitations regarding slow tumor targeting and delayed clearance from non-target tissue, recently Pandit-Tasker et al. [33] reported on the application of the minibody IAB2M derivatized with desferrioxamine for 89 Zr labeling. This 80-kDa molecule, genetically engineered from the intact antibody J591 (150 kDa), lacking the Fc-receptor interaction domains and making it pharmacologically inert, showed favorable biodistribution and kinetics for targeting metastatic PC in this In) Afshar-Oromieh et al. [22] Benesova et al. [23] PSMA-I&T 68 Ga, 177 Lu,
111
In Weineisen et al. [24] PSMA-I&S Zr Pandit-Taskar et al. [33] phase I trial [32] . Imaging at 48 h p.i. provided good lesion visualization when labeled with 89 Zr for PET.
Primary PC -Bprimary imagingÂ ccording to the European Association of Urology (EAU)-European Society for Radiotherapy & Oncology (ESTRO)-International Society of Geriatric Oncology (SIOG) guidelines [15] , in high-risk localized PC or high-risk locally advanced PC, staging should be performed with pelvic mpMRI and cross-sectional abdominal pelvic imaging and bone scanning for metastatic screening. These imaging procedures may eventually also be useful in patients with intermediate-risk PC, whereas the guidelines do not recommend additional imaging for staging purpose in low-risk PC patients as the accuracy of conventional imaging procedures is limited especially regarding the detection of small LN.
In primary PC, the diagnostic accuracy of 68 Ga-PSMA-ligand PET/CT is not yet proven and only a few studies have been published so far. Along with the first registered 68 Ge/ 68 Ga generator [11] by Galliapharm, a prospective European multicenter trial is finally under way in high-risk PC patients with a Gleason Score (GS) > 7 [38] .
Sachpekidis et al. [39] aimed to retrospectively assess the pharmacokinetics and biodistribution of Ga-PSMA-11 in 24 patients suffering from primary PC by means of dynamic (pelvic) and whole-body PET/CT. Overall, 23/24 patients (95.8%) were 68 Ga-PSMA-11 PET positive and in 9/24 patients (37.5%) metastatic lesions were detected. Time-activity curves derived from PC-associated lesions revealed an increasing Ga-PSMA-11 accumulation during the dynamic PET acquisition procedure.
In line with these observations, we retrospectively investigated the value of 68 Ga-PSMA-11 PET/CT in primary staging of PC [40] in 90 patients (GS 6-10; median prostate-specific antigen (PSA): 9.7 ng/ml) with transrectal ultrasound (TRUS)-guided biopsy-proven PC. The SUV max of the primary tumor was assessed in relation to both PSA level and GS. Eighty-two patients (91.1%) demonstrated pathologic tracer accumulation in the primary tumor that exceeded the physiologic tracer uptake in normal prostate tissue (median SUV max : 12.5 vs. 3.9). Tumors with GS of 6, 7a (3 + 4) and 7b (4 + 3) showed significantly lower 68 Ga-PSMA-11 uptake, with median SUV max of 5.9, 8.3, and 8.2, respectively, compared to patients with GS > 7 (median SUV max : 21.2; p < 0.001). PC patients with PSA ≥10.0 ng/ml exhibited significantly higher uptake than those with PSA-levels < 10.0 ng/ml (median SUV max : 17.6 vs. 7.7; p < 0.001). In 24/90 patients (26.7%), 82 LN with pathologic tracer accumulation consistent with metastases were detected (median SUV max : 10.6). Eleven patients (12.2%) revealed 55 pathologic bone lesions suspicious for bone metastases (median SUV max : 11.6). The results allow the conclusion that 68 Ga-PSMA-11 PET/CT should be preferentially applied for primary staging in patients with GS > 7 or PSA-levels ≥10 ng/ml.
Maurer et al. [41] retrospectively evaluated the diagnostic efficacy of 68 Ga-PSMA-11 PET compared to conventional imaging (CT/mpMRI) for LN-staging in 130 consecutive patients with intermediate-to high-risk PC prior to RP. LN metastases were found in 41/130 patients (31.5%). On patientbased analysis the sensitivity, specificity, and accuracy of 68 Ga-PSMA-11 PET were 65.9, 98.9, and 88.5%, and those of morphological imaging were 43.9, 85.4, and 72.3%, respectively. Of 734 dissected LN templates, 117 (15.9%) showed metastases. On template-based analysis, the sensitivity, specificity, and accuracy of 68 Ga-PSMA-11-PET were 68.3, 99.1, and 95.2%, and those of morphological imaging were 27.3, 97.1, and 87.6%, respectively. The results demonstrate that in patients with intermediate-to high-risk PC, preoperative LN staging with 68 Ga-PSMA-11-PET is superior to standard routine imaging and thus has the potential to replace current standard imaging for this indication.
Budäus et al. [42] retrospectively compared preoperative 68 Ga-PSMA PET/CT LN findings with histologic work-up after RP in 30 patients and found that LN metastasis detection rates were substantially influenced by LN metastases size. In 92.9% of patients, the intraprostatic tumor foci were correctly predicted. Overall, 608 LNs containing 53 LN metastases were detected. LN metastases were present in 12/30 patients (40%), which were found by 68 Ga-PSMA PET/CT in four patients (33.3%). Median size of 68 Ga-PSMA-PET/ CT-detected vs. undetected LN metastases was 1.36 vs. 0.43 cm (p < 0.05). Overall sensitivity, specificity, positive predictive value, and negative predictive value of 68 Ga-PSMA PET/CT for LN metastases detection were 33.3, 100, 100, and 69.2%, respectively. Per-side analyses revealed corresponding values of 27.3, 100, 100, and 52.9%. Compared to Maurer et al. [41] , who reported a higher sensitivity, the limitations of this retrospective assessment are not only the smaller number of pooled patients from five different institutions but also differences in the report protocols, which may lead to variations in the assessment and thus lower sensitivity [43] . On the other hand, also van Leeuwen et al. [44] , who performed a prospective study in 30 intermediate-to high-risk patients, reported sizedependence of positively imaged LN.
In a cohort of 34 PC patients, Herlemann et al. [45] reported a sensitivity of 84%, specificity of 82%, PPV of 84%, and NPVof 82% for detection of LN in patients with intermediateto high-risk PC. Postoperative histopathology was taken as a reference standard after primary (n = 20) or secondary LN dissection (n = 14). 68 Ga-PSMA-11 PET/CT detection rates were superior to CT alone before primary (sensitivity 88 vs. 75%) as well as secondary (sensitivity 77 vs. 65%) LN dissection in 14 patients.
Upon initial staging, Demirkol et al. [46] in eight patients, Sterzing et al. [47] in 15 patients, and Sahlmann et al. [48] in 12 patients confirmed the potential value of 68 Ga-PSMA-11 PET.
Recurrent PC -Bsecondary stagingÎ n PC with BR after primary therapy, conventional imaging techniques have a low detection rate at the PSA levels at which targeted therapy with curative intent, such as salvage radiotherapy is effective. A magnitude of data indicate that 68 Ga-PSMA-PET can detect recurrent PC or small LN metastases that are 18 F-choline PET-negative. Recently, Perera et al. [49] overviewed mostly retrospective data from 16 studies on 68 Ga-PSMA PET efficiency in PC patients with rising PSA values. At BR, a pooled PETdetection rate of 76% was reported for PSA ranges of 1-2 ng/ml and of 58% for PSA ranges of 0.2-1.2 ng/ml, which demonstrates the improved diagnostic performance for PC patients. Most literature exists for 68 Ga-PSMA-11 compared with 68 Ga-PSMA-I&T and 68 Ga-PSMA-617. These data are somewhat critical, as the authors summarize results collected from studies using different peptides, i.e., PSMA-11, PSMA-I&T, and PSMA-617, and furthermore from mixed patient populations as well. The authors also did not take into account important features of imaging protocols such as imaging time or medication (i.e., ADT).
The first data by Ceci et al. [50] in 70 consecutive PC patients identified an association of PSA level and PSA kinetics in terms of PSA doubling time (dt) with a pathological 68 Ga-PSMA-11 PET/CT in PC patients with BR after RP. A positive PET scan was observed in the PSA range 0.14 to 35.07 ng/ml (median, 2.39) and a negative PET scan in the range 0.21 to 5.00 ng/ml (median, 0.81 ng/ml). ROC analysis showed that a PSA dt of 6.5 months and a PSA of 0.83 ng/ml were optimal cut-off values for 68 Ga-PSA PET-positivity, which was observed in 17 of 20 patients (85%) with PSA < 2 ng/ml and PSA dt > 6.5 months.
Verburg et al. [51] retrospectively investigated 155 patients. PET/CT was positive in 44, 79, and 89% of patients with PSA levels of ≤1, 1-2, and ≥2 ng/ml, respectively. Patients with high PSA levels showed higher rates of local PC tumors (p < 0.001), extrapelvic LN (p = 0.037), and bone metastases (p = 0.013). A shorter PSA dt was significantly associated with pelvic LN (p = 0.026), extrapelvic LN (p = 0.001), bone (p < 0.001), and visceral (p = 0.041) metastases. A high GS was associated with more frequent pelvic LN metastases (p = 0.039). In multivariate analysis, both PSA and PSA dt were independent determinants of scan positivity and of extrapelvic LN metastases. These data show that higher PSA levels and shorter PSA dt are independently associated with scan positivity and extrapelvic metastases, and can be used for patient selection for 68 Ga-PSMA-11 PET. 68 Ga-PSMA-11 PET/CT-guided salvage retroperitoneal LN dissection for disease relapse after RP was first reported in 2015 [52] . 68 Ga-PSMA has a high detection rate of PC recurrence outside the prostatic fossa in patients being considered for salvage RT. In fact, 68 Ga-PSMA-11 PET/CT appears to be useful for re-staging of PC in patients with rising PSA who are being considered for RT even at PSA levels < 0.5 ng/ ml. The only available prospective study by van Leeuwen et al. [53] in a total of 300 consecutive patients considered for salvage RT identified 70 patients with a BR of PSA ≥0.05 and < 1.0 ng/ml after RP. Among patients with PSA levels of 0.05 to 0.09 ng/ml, 8% were definitely positive; the corresponding percentages for the other PSA ranges were as follows: PSA 0.1 to 0.19 ng/ml, 23%; PSA 0.2 to 0.29 ng/ml, 58%; PSA 0.3 to 0.49 ng/ml, 36% and PSA 0.5 to 0.99 ng/ml, 57%. Noteworthy, as a result of the 68 Ga-PSMA PET-findings, the authors report a major management change in 20 (28.6%) patients, which will have future importance of changes in the RT volume to be applied.
Afshar-Oromieh et al. retrospectively [54] investigated 319 patients of whom 82.8% had at least one 68 Ga-PSMA-11 PETpositive lesion. Tumor detection was positively associated with PSA level and ADT, whereas GS and PSA dt were not associated with tumor detection. Among lesions investigated by histology, 30 were false-negative in four different patients, and all other lesions (n = 416) were true-positive or true-negative. A lesion-based analysis of sensitivity, specificity, negative predictive value (NPV), and positive predictive value (PPV) revealed values of 76.6, 100, 91.4, and 100%. A patient-based analysis revealed a sensitivity of 88.1%. Of 116 patients available for follow-up, 50 received local therapy after 68 Ga-PSMA PET/CT. In the range of PSA < 0.2 ng/ml, the scan was positive in 8/17 patients (47.1%). The authors concluded that PET/CT can help to delay systemic therapy of PC. In their recent report, Afshar-Oromieh et al. [55] retrospectively analyzed 1007 patients with BR. In 801/1007 (79.5%) of patients, at least one lesion was detected on 68 Ga-PSMA-11 PET/CT and scan sensitivity was significantly associated with PSA level and ADT. Multivariate analysis found, however, no relevant correlation with PSA dt or PSA velocity as well as GS and PET positivity. GS and amount of injected activity were not associated with PET positivity. Noteworthy, in patients with PSA < 0.2 ng/ml 32/69 (46%), PET-scans were positive and 15 patients had PSA levels < 0.1 ng/ml.
Eiber et al. [56] investigated 248 patients with PC after RP and found pathological findings in 202/248 (89.5%) by 68 Ga-PSMA-11 PET/CT. The detection rates were 96.8, 93.0, 72.7, and 57.9% for PSA levels of ≥2, 1 to < 2, 0.5 to < 1, and 0.2 to < 0.5 ng/ml, respectively. Whereas detection rates increased with a higher PSA velocity, no significant association could be found for PSA dt . 68 Ga-PSMA-ligand PET (as compared with CT) exclusively provided pathologic findings in 81 (32.7%) patients. In 61 (24.6%) patients, it exclusively identified additional involved regions. In patients with higher GS (≤7 vs. ≥8), detection efficacy was significantly increased (p = 0.0190), however, not with ADT. In a recent report [57] , the same group, however, reported in a more homogeneous cohort of patients after RT a significant higher detection rate for patients under ADT (p = 0.0381; 44/45 [ (30/ 31) for PSA of 2 to < 5, 5 to < 10, and ≥10 ng/ml, respectively (p = 0.0377). 68 Ga-PSMA ligand PET/CT indicated local recurrence in 68 of 107 patients (63.5%), distant lesions in 64 of 107 patients (59.8%), and local recurrence as well as distant lesions in 25 of 107 patients (23.4%).
Kabasakal et al. [58] reported a PET positivity of 31% (n = 4), 54% (n = 13), and 88% (n = 14) in patients with a PSA level of less than 0.2, 0.2-2, and 2-5 ng/ml, respectively. A positive correlation was also observed between positivity and GS. According to patient-based analysis, a sensitivity of 76.5% and a specificity of 91.7% were found.
Sachpekidis et al. [59] found in 22/31 (71.0%) patients with BR after RP a 68 Ga-PSMA-11-positive scan. The median PSA value in the 68 Ga-PSMA-11-positive group was significantly higher (median = 2.35 ng/ml; range = 0.19-130.0 ng/ ml) than in the 68 Ga-PSMA-11-negative group (median value: 0.34 ng/ml; range, = 0.10-4.20 ng/ml). Time-activity curves derived from PC recurrence-indicative lesions revealed an increasing 68 Ga-PSMA-11 accumulation during dynamic PET acquisition over 60 min.
The limited value of conventional CT and MR in the detection of local recurrence and LN metastases is well known [60] . In 48 patients with BR and a median PSA of 1.31 ng/ml, Rauscher et al. [61] compared 68 Ga-PSMA PET to CT or MRI and histopathology following salvage lymphadenectomy. PET detected 53/68 histologically proven LN fields (78%), whereas morphological imaging was positive in only 18/67 (27%) resulting in a p < 0.001. PET-positive LN had a mean size of 8.3 ± 4.3 mm (range, 4-25 mm).
Albisinni et al. [62] recently reported subsequent change in management in 99/131 (76%) of patients imaged after RP, RT, or both, for BR. The authors found a positive scan in 45% of patients with a PSA level of ≤0.5 ng/ml and in 75% with PSA level of 0.5 to 1.0 ng/ml.
Performance of 68 
Ga-PSMA PET/CT versus PET/MR
Lesion detectability increases with acquisition time, reaching its maximum at PET acquisition time of 4 min per PET position [63] . Furthermore, PET-acquisition duration has a significant impact on the incidence of the halo artifact around kidneys and bladder, decreased lesion detectability and lower SUV, as well as lower arm attenuation values [64] . Positioning the arms down was shown to be significantly associated with the appearance of the halo artifact [65] .
Primary staging
Simultaneous 68 Ga-PSMA PET/mpMRI may improve the localization of primary PC (Fig. 1) . Eiber et al. [66] investigated 53 patients in whom 202 of 318 sextants (63.5%) contained PC at pathologic examination following RP. Simultaneous PET/mpMRI statistically outperformed mpMRI (p < 0.001) and PET imaging (p = 0.002) for localization of PC. Compared with mpMRI, PET imaging was more accurate (p = 0.003) and provided a high uptake ratio between malignant vs. non-malignant tissue (i.e., 5.02 [range, 0.89-29.8]), but no significant correlation was observed between quantitative PET parameters and GS or PSA value.
In 92 consecutive patients with intermediate-to high-risk PC, Maurer et al. [67] reported for 470 anatomical fields with 52 LN metastases a sensitivity of 73.1%, specificity of 98.6%, accuracy of 57.7%, PPV of 86.4%, and NPV of 96.7%, surpassing reported results for standard imaging.
Giesel et al. [68] showed that 68 PSMA PET/CT and mpMRI correlated well with regard to tumor allocation in patients with high pretest probability for large primary tumors upon initial staging. A combination of both methods performed even better in terms of sensitivity and specificity as demonstrated by Zamboglou et al. [69, 70] and may thus have a potential role in RT planning. For 89.4% of sections containing a tumor according to mpMRI the tumor was also identified in total or near-total agreement by PSMA PET. Vice versa, for 96.8% of the sections identified as tumor bearing by PSMA PET, the tumor was also found in total or near-total agreement by mpMRI.
An ongoing study sponsored by Stanford University [71] in patients with intermediate-and high-risk PC is currently evaluating the clinical usefulness of 68 Ga-PET/mpMRI with an estimated date 2021 for final data collection for primary outcome measure.
Secondary staging
Kranzbühler et al. [72] suggested an improved allocation of PSMA activity with soft tissue versus urine in the pelvic area using PET/mpMRI. Overall, in 44/56 patients (79%), PET/ mpMR was positive -in 4/9 patients (44%) with PSA values of 0.05 to 0.2 ng/ml and in 9/12 patients with PSA values of 0.2 to 0.5 ng/ml, which is significantly higher as reported for PET/CT, which was positive in 57.9% [54] in the range of 0.2 to 0.5 ng/ml (p = 0.001).
The proportion of discordant PSMA-positive suspicious findings in PET/CT versus PET/mpMRI was very low as investigated by Freitag et al. [73] . In their study, 98.5% of 64 LNs and 100% of 28 skeletal lesions were concordant. Furthermore, in 18/119 patients (15.1%) PET/mpMRI identified local recurrence whereas PET/CT was positive in nine patients only [74] .
Especially, in patients with low PSA values, the diagnostic certainty was substantially higher in PET/MR (n = 76) compared to PET/CT (n = 256) as demonstrated by Maurer et al. [75] in a total of 332 patients: for PSA values 0.2-0.5 ng/ml 38.5 vs. 69.2% of positive findings on PET/CT vs. PET/MR were rated as highly suggestive for PC recurrence. Despite the fact that the guidelines of the EAU [15] as well as the National Comprehensive Cancer Network (NCCN) [13] suggest the use of 18 F-or 11 C-choline PET in PC patients with recurrent disease, the accuracy of choline PET is not well assessed, as most published studies are retrospective. The detection rate for 11 C-choline-PET/CT in patients with PSA < 1.0 ng/ml was 19% in 51 patients [76] . In the largest study published so far [77] , reporting more than 4000 11 C-choline PET/CT scans, the detection rate was 27% in patients with PSA < 1.16 ng/ml.
Fanti et al. [78] found in a comprehensive literature search 425 studies and finally analyzed 18 articles critically, which evaluated the role of 11 C-choline PET/CT at initial staging of PC in a total of 2126 patients providing a pooled detection rate of 62%. In 12 articles with 1270 participants, the pooled sensitivity was 89% and the pooled specificity was 89%. For LN disease in seven studies with 752 participants, the pooled detection rate was 36%.
A similar meta-analysis was published by Evangelista et al. [79] for intermediate-to high-risk PC patients using either 18 F-or 11 C-choline PET/CT. The meta-analysis included ten selected studies with a total of 441 patients and showed a pooled sensitivity of 49% and a pooled specificity of 95%. 68 Ga-PSMA PET/CT was superior to 18 F-choline in patients with BR and identified in 43.8% of patients recurrent disease, which was 18 F-choline -negative [80] . Similar data stating a better detection rate of 68 Ga-PSMA PET/CT as compared to choline PET/CT have been reported by other authors [81, 82] . To indirectly compare PSMA and choline as PET/CT tracers to identify lesions in patients with early BR, we reviewed the published data stratified by PSA values (Fig. 2) . As demonstrated, the performance of PSMA PET/ CT is superior to choline PET/CT, with an estimated detection rate of 40-60% at early BR (PSA < 1.0 ng/ml), and this assumption is also confirmed in a recent meta-analysis [83] .
A recent reappraisal of 20 years of clinical PET/CT studies with choline presented by Giovacchini et al. [84] summarizes that choline-PET/CT should be used in BR patients with PSA > 1 ng/ml, pointing to the Bundoubted^fact that 68 Ga-PSMA PET/CT may be more promising for centers with the required technical equipment. The only available prospective study that compared 68 Ga-PSMA-11 with 18 F-choline PET/CT in PC patients with rising PSA after curative treatment was reported by Morigi et al. [85] . They imaged 38 patients, 34 (89%) had undergone RP and four (11%) had undergone RT. The scan results were positive in 26 patients (68%) and negative with both tracers in 12 patients (32%). Of the 26 positive scans, 14 (54%) were positive with 68 Ga-PSMA alone, 11 (42%) with both 18 F-choline and 68 Ga-PSMA, and only one (4%) with 18 F-choline alone. When PSA was below 0.5 ng/ml, the detection rate was 50% for 68 Ga-PSMA versus 12.5% for 18 Fig. 1 PET/MRI demonstrating the primary PC (PSA 16 ng/ml, GS 3 + 4) in the right prostate lobe (red arrow) invading the seminal glands with markedly increased 68 Ga-PSMA uptake. The tumor presents with restricted diffusion on apparent diffusion coefficient (ADC) mapping and is hypointense on T2-weighted MRI choline. When PSA was 0.5-2.0 ng/ml, the detection rate was 69% for 68 Ga-PSMA versus 31% for 18 F-choline, and when PSA was above 2.0, the detection rate was 86% for 68 Ga-PSMA versus 57% for 18 F-choline. On lesion-based analysis, 68 Ga-PSMA detected more lesions than 18 F-choline (59 vs. 29, P < 0.001). There was a 63% (24/38 patients) management impact, with 54% (13/24 patients) being due to 68 Ga-PSMA imaging alone.
F-
Pfister et al. [80] compared 68 Ga-PSMA-11 PET results in 38 patients with 18 F-choline PET results in 28 patients before salvage lymphadenectomy using histology as the standard. For 18 F-choline and 68 Ga-PSMA-11, the respective sensitivity was 71.2 and 86.9%, specificity was 86.9 and 93.1%, PPV was 67.3 and 75.7%, NPV was 88.8 and 96.6%, and accuracy was 82.5 and 91.9% identifying a better performance of 68 Ga-PSMA-11 PET/CT for the detection of locoregional recurrent and/or metastatic lesions prior to salvage lymphadenectomy.
Factors associated with sensitivity of imaging
Imaging protocol (early/dynamic, standard and delayed imaging)
After injection of 68 Ga-PSMA-11, the Buptake time^is 1 h with an acceptable range of 50 to 100 min [34] although no standard imaging protocol has yet been defined. The intense physiological urinary bladder activity at 1 h post-injection presents a problem in the assessment of local relapse (prostate bed and vicinity).
The current data suggest that early dynamic imaging improves the detection rate of local recurrence and thus should be performed in addition to whole-body imaging at 1-h postinjection in PC patients with BR. Delayed imaging may be helpful as well, dependent on the administered activity and difficult to perform in the routine clinical setting as well.
A clinical impact of additional late imaging at 3 h postinjection was reported by Afshar-Oromieh et al. [55, 86] for most PC lesions as they show an increased uptake and a better lesion-to-background contrast compared to PET images acquired at 60 min p.i. Increased uptake of histologically confirmed tumor lesions with overtime was also found by Sahlmann et al. [48] in patients with recurrent PC and highrisk PC. In addition, tracer accumulation within the urinary bladder is lower at 3 h p.i., especially when furosemide is applied. Consequently, scans acquired at 3 h p.i. detect more tumor lesions than at 1 h. Using 68 Ga-PSMA-I&T, Schmuck et al. [87] compared standard and delayed imaging in patients with BR or PSA persistence after primary therapy of PC. They found that delayed imaging can detect PC lesions with increased uptake compared to standard imaging in a small proportion of patients with 10/184 (5.4%) positive 68 Ga-PSMA-I&T scans exclusively only at 3-h post-injection (p = 0.35).
With respect to assessment of local recurrence, we found in a retrospective analysis of 80 PC-patients that early dynamic imaging starting immediately after injection of 68 Ga-PSMA-11 PET/CT allows the discrimination of urinary bladder activity from PC lesions [88] . A total of 55 lesions consistent with malignancy on 60-min whole-body imaging exhibited also pathologic 68 Ga-PSMA-11 uptake during early dynamic imaging of the pelvic area (prostatic bed/prostate gland: n = 27; LN: n = 12; bone: n = 16). All pathologic lesions showed tracer uptake within the first 3 min, whereas urinary bladder activity was absent within the first 3 min of dynamic imaging in all patients. SUV max was significantly higher in PC lesions within the first 6 min compared to urinary bladder accumulation (p < 0.001, [Fig. 3] ). An early onset of tracer accumulation at typical sites of local recurrence before tracer activity is visible in the urinary bladder is characteristic for LR. Applying these criteria in the subgroup of PC patients with BR the detection rate of local recurrence was substantially higher with early dynamic imaging compared to PET scans 60-min p.i. (29.7 vs. 20.3%). These results are in line with the observation of Kabasakal et al. [89] who also concluded that early imaging could be helpful in the assessment of the prostate bed and structures in the proximity of the urinary bladder.
Image interpretation
A recent multicenter study [43] retrospectively standardized image-interpretation criteria for 68 Ga-PSMA PET/CT to detect recurrent PC in patients treated with primary curative intent (RP or RT) who presented a BR. On the basis of the consensus readings, criteria for 68 Ga-PSMA PET/CT interpretation were defined. Between-reader agreement for the presence of anomalous findings in any of the five sites was only moderate. The agreement improved and became substantial when readers had to judge whether the anomalous findings were suggestive for a pathologic, uncertain, or nonpathologic image, and after a second Delphi round only four cases of disagreement remained. By developing these consensus guidelines on the interpretation of 68 Ga-PSMA PET/CT, clinicians reporting these studies will be able to provide more consistent clinical reports and that within clinical trials, abnormality classifications will be harmonized, allowing more robust assessment of its diagnostic performance.
Interobserver agreement for 68 Ga-PSMA-11 PET/CT study interpretations was recently also evaluated by Fendler et al. [90] who showed a highly consistent interpretation among observers with high levels of experience, suggesting that initial training on at least 30 patient cases is recommended to ensure acceptable performance.
Influence of ADT on SUV max and lesion detection rate Cellular PSMA expression is regulated by the androgen receptor, which is the target for the treatment of PC. Preclinical data indicate that PSMA expression is increased in CRPC [7] and under ADT [91] . In a first report, Hope 1a 1b 2a 2b Ga-PSMA-11 PET/CT images of a 72-year-old PC-patient with BR after RP (PSA 4.26 ng/ml). Early dynamic imaging of the pelvis over the first 8 min p.i. and a whole-body scan at 60-min p.i. were performed. At 60-min p.i., a clear distinction between urinary activity within the neck of the urinary bladder and local recurrence is not possible as presented on axial (1a) and sagittal (1b) fused PET/CT images (red arrow). In contrast, on the axial and sagittal fused PET/CT-images (2a, 2b) at 4 min p.i. of the early dynamic PET-acquisition a focal tracer accumulation with a SUV max value of 4.45 adjacent to the urinary bladder is visible (red arrow) with no tracer uptake in the urinary bladder present (green arrow) consistent with local recurrence et al. [92] indicated that an increased in vivo PSMA expression as imaged by 68 Ga-PSMA-11 PET can be achieved in PC patients under ADT. The authors assumed that the effect seen in cell and animal models can be recapitulated in humans. Thus, it is near to suggest that ADT may increase the number of lesions visualized by PSMA-PET [91] . However, we have also seen the opposite of that in response to ADT with bicalutamide decreased 68 Ga-PSMA-11 PET-uptake may be demonstrable after 1 week of treatment along with decreasing PSA values (Fig. 4) . In fact, whereas Afshar-Oromieh reported a positive association with ADT [54, 55] , others did not [66] . We assume that a better understanding of the temporal changes in PSMA expression is needed to leverage this effect for both improved diagnosis and possibly also for improved therapy as well as patient selection for therapy.
Other factors associated with scan sensitivity
Other factors that have to be taken into account are the lack of PSMA over-expression on PC cells due to dedifferentiation [93] , misinterpretation of positive lesions due to increased PSMA expression on other tumors or tumor neovasculature [94, 95] , or the tumor sink-effect [96] . 68 Ga-or 18 
F-labeling for PC imaging?
Licensed 68 Ge/ 68 Ga generators are available in Europe and GMP-produced, with FDA-accepted quality, in the US. Dependent on demand, 1-2 generators will typically be required annually for local production. 68 Ga has a halflife of 68 min and thus can only be shipped to close satellite centers. Recently, cyclotron-produced 68 Ga has been introduced to potentially allow the production of larger quantities for centralized use [97] . In contrast, 18 F has a half-life of 110 min and offers the possibility for using established satellite shipping infrastructure. The production demand for 18 F is well scalable to adapt for the requested number of examinations. If necessary, also delayed imaging can be performed over a longer time. The positron energy of 68 Ga is 1.90 MeV and its penetration depth is theoretically higher (lungs) but widely negligible in solid tissues using standard reconstruction algorithms and adjusted filtering. 18 F has a positron energy of 0.65 MeV with theoretically higher resolution and also lower radiation burden. The labeling of 68 Ga is done with chelator molecules, offering the possibility of kit-based formulations, whereas for 18 F, prosthetic group molecules are necessary, which means hot cells, remotely controlled radiosynthesizers are due. 68 Ga potentially offers an onemolecule theranostic approach, whereas 18 F needs a tandem approach with a different chemical structure of diagnostic and a structurally related therapeutic tracer (e.g., PSMA-1007 / PSMA-617, DCFPyl / MIP-1095).
To date, the published experience with 18 F-labeled PSMAligands is limited to about 100 patients. There are two potential radiolabeled ligands, 18 F-DCFPyL [98-100] and 18 F-PSMA-1007 [101, 102] .
In a direct comparative study 18 F-DCFPyL was compared to 68 Ga-PSMA-11 in 25 patients with BR; another 62 patients underwent 18 F-DCFPyL and 129 patients 68 Ga-PSMA-11 PET [100] . The distribution pattern of both tracers was strongly comparable. However, in 36% of PSMA-positive patients, additional lesions on 18 FDCFPyL scan were observed. The authors suggested similar performance of 18 F-DCFPyL and that the 18 F-labeled ligand may even exhibit improved sensitivity in localizing relapse after RP for moderately increased PSA levels. Sensitivity increased abruptly when PSA values exceeded 0.5 μg/l. For PSA 0.5-3.5 μg/l, the sensitivity was 15/17 (88%) for 18 F-DCFPyL and 23/35 (66%) for 68 Ga-PSMA-11. Although the standard acquisition protocols, used for 18 F-DCFPyL and 68 Ga-PSMA-HBED-CC in this study, stipulate different activity and tracer uptake times a b Fig. 4 Potential effect of bicalutamide on 68 Ga-PSMA-11 PET-uptake. On initial PET/CT (a, red arrow) moderately increased tracer accumulation with a SUV max of 4.47 in a LN (5.7 mm in diameter) was found in the region of the left internal iliac vessels as shown on axial fused PET/CTimages. On follow-up PET/CT performed 7 days after initiation of bicalutamide (160 mg/day; 1 week), no pathologic tracer accumulation was found in the left iliac LN, which morphologically remained unchanged (b; yellow arrow). PSA decreased from 0.94 to 0.18 ng/ml under treatment with bicalutamide after injection, the findings provide a promising rationale for validation of 18 F-DCFPyL in future prospective trials. Furthermore, initial observation also indicates that 18 FDCFPyL is superior to conventional imaging modalities [103] . 18 F-PSMA-1007 is a promising alternative to 68 Ga-PSMA-11 for diagnostic purposes as 18 F-PSMA-1007 and 177 Lu-PSMA-617 seem to be a perfect theranostic tandem [101] . In ten patients with biopsy-confirmed high-risk PC 18 F-PSMA-1007 PET/CT had a NPV of 68% and an accuracy of 75%, while additional mpMRI in nine patients resulted in a NPV of 88% and an accuracy of 73% for total agreement. Near total agreement analysis resulted in a NPV of 91% and an accuracy of 93% for PET/CT and of 90 and 87% for mpMRI, retrospectively.
New developments
Recent studies have demonstrated the potential of 64 Cu-labeled PSMA-617 ligand in patients with recurrent disease and in selected patients for primary staging with progressive local disease. Grubmüller et al. [37] detected a positive PC tumor binding in 23/29 patients, with the salivary glands, kidneys, and liver showing the highest tracer uptake. Moreover, Cantiello et al. [104] showed for 23 patients with intermediate to high-risk PC a sensitivity of 87.5% and a specificity of 100% for primary LN staging at 4-h postinjection before RP. 64 Cu allows the concept for satellite distribution to clinical PET centers that lack radiochemistry facilities for the preparation of 68 Ga-PSMA ligand due to longer-lived positron emitter with good image quality. 64 Cu-PSMA-617 may also offer the possibility of pre-therapeutic dosimetry in the theranostic approach. Tables 2, 3 and 4 and Fig. 2 list the current available data on 68 Ga-PSMA PET/CT results.
PSMA-directed radioligand therapy (PRLT) -Theranostic concept of personalized therapy
Initially, almost all patients with hormone-naive PC have a good response to the well-established anti-androgen treatments. Over the last several years, even for patients with CRPC, significant improvements were observed following treatment with the androgen-receptor antagonist enzalutamide or the CYP17A1-inhibitor abiraterone [110] . However, resistance to these treatments occurs frequently within 1 to 2 years. For this reason, a targeted radionuclide approach could be an attractive therapy option. The PSMA-targeting theranostic concept potentially offers advantages not only in regard to diagnosis but also the therapy of CRPC patients, if labeled with 177 Lu [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] , 131 I [125, 126] , Auger [127] , or an alpha-emitting isotope [128] [129] [130] .
So far, most patients received theranostics for PC under compassionate use conditions according to the Declaration of Helsinki [131] after treatment failure following chemotherapy, monoclonal antibody therapy, hormonal therapy, or 223 Ra-chloride therapy receiving PRLT as an ultimate treatment option. As a matter of fact, so far, centers reporting data on PRLT have been well established with peptide receptor radionuclide therapy (PRRT) in neuroendocrine tumors in the past. Usually, the precursors are commercially obtained, labeled with the radionuclide in specified radiochemical laboratories, and applied to patients using similar conditions as with radiolabeled somatostatin analogues. Hereto, fractionation of the dose applied to the patient was a prerequisite of the treatment scheme and dosimetry mandatory as well as follow-up of the patient by 68 Ga-PSMA-directed PET/ CT or PET/mpMRI using the PERCIST criteria. 177 
Lu-PSMA-ligands

Dosimetry and side effects
Due to substantial individual variance, dosimetry is mandatory for a patient-specific approach following 177 Lu-PSMA-617 therapy [118] . Following therapy with an accumulated activity of 18.2 ± 0.9 GBq, the mean absorbed tumor dose amounted to 2.8 ± 0.52 Gy/GBq, the kidney dose to 0.6 ± 0.36 Gy/GBq, and the red bone marrow dose activity to 0.04 ± 0.03 Gy/GBq. The mean dose to the parotid glands was 0.56 ± 0.25 Gy/GBq, to the submandibular glands 0.50 ± 0.15 Gy/GBq, to the lacrimal glands 1.01 ± 0.69 Gy/GBq, and the mean effective dose was 0.08 ± 0.07 Sv/GBq (range, 0.02-0.26 Sv/GBq). Response to therapy was observed already after one or two treatment cycles in terms of decreased SUV max values and PSA response despite no grade 3 to 4 toxicity. Thus, Scarpa et al. [118] concluded that higher activities and/or shorter treatment intervals should be applied and that a total activity of 30 GBq given 6 to 10 weeks apart is safe, especially considering the dose limit to the kidney and bone marrow. Large inter-individual variation and the need for patient individual dosimetry was also postulated by Kabasakal et al. [132] who reported an absorbed kidney dose of 0.9 ± 0.40 Gy/GBq for 177 Lu-PSMA-617. Yordanova et al. [122] reported no grade 3-4 nephrotoxicity, but found an elevation of cystatin C in 32/55 patients (58%) of whom 14 patients had elevated cystatin C before 177 Lu-PSMA-617 treatment. Furthermore, a significant correlation of renal function was found for age (p < 0.05), hypertension (p = 0.001), and pre-existing kidney disease (p = 0.001). If the kidney-to-tumor ratio presents a problem due to prior therapy or presence of accompanying diseases diabetes and hypertension, the co-administration of PSMA inhibitors such as 2-(phosphonomethyl)penanedioic acid (2-PMPA) might be considered [133] . Okamoto et al. [134] performed dosimetry studies in 18 patients who had received 1-4 treatment cycles of 177 Lu-PSMA-I&T showing that organ and tumor-absorbed dose were comparable to 177 Lu-PSMA-617. Furthermore, they showed that the absorbed organ doses were relatively constant among the four different treatment cycles. Regarding the kidneys, also these authors suggested that a cumulative activity of 40 GBq would be safe and justifiable.
Transient xerostomia, which may impair quality of life, occurs in 5 to 10% of patients treated with 177 Lu-PSMA ligands and seems to be caused by high uptake of the radiopharmaceutical in the salivary glands. Repeated cycles of 177 Lu-PSMA-617 therapy led to significantly decreased SUV max values on 68 Ga-PSMA-11 PET/CT accompanied by significant volume reduction (p < 0.05) of the salivary glands [118] . The frequently used cool bags during administration of the radioactivity may help to reduce PSMA ligand uptake, as In 9.4% increased detection rate by dynamic imaging Table 3 Efficiency of Fendler et al. [117] PSMA-617 n.a.
1/10
Kratochwil et al. [119] PSMA-617 n.a.
Yordanova et al. [122] PSMA-617 Yordanova et al. [122] n.a.
n.a.
No grade 3-4 n.a.
Bräuer et al. [123] n.a.
weeks 32 weeks Transient fatigue in 12 patients
No grade 3 to 4 2 patients grade 3 leucopenia and thrombocytopenia (3%), grade 3 anemia in 11 patients (19%)
15 patients (25%) xerostomia, 1 patient mild dryness of the eyes VAS score Visual Analogue Scale, KPS Karnofsky Performance Score, ECOG toxicity and response criteria of the Eastern Cooperative Oncology Group there is evidence of reduced 68 Ga-PSMA-11 uptake in the glands in terms of decreasing SUV max values when cooled [135] . Dysfunction is usually transient and a maximal dose limit of 45 Gy has been suggested with a dose of 30 Gy for total recovery within 2 years [136] . Assuming an absorbed dose of around 0.5-1.0 Gy/GBq for the salivary glands, the mean absorbed dose amounts to around 10 Gy when an activity of 18 GBq is administered, suggesting that an accumulated total activity of 50 GBq of 177 Lu-PSMA-617 could be administered with large inter-individual variation.
The risk of development of hematotoxicity is increased in extensively pretreated CRPC patients. Especially patients with extensive bone marrow involvement and previous chemotherapies may respond with higher hematotoxicity. To decrease the probability of severe bone marrow toxicity, a threshold of 2 Gy absorbed dose to the red marrow is generally recommended in radionuclide therapy dosimetry [137] . The mean red marrow dose amounts to around 0.04 Gy/GBq, which results in an absorbed dose of 0.7 Gy [118] , suggesting that the tolerable accumulated activity for the bone marrow lies around 45 GBq of 177 Lu-PSMA-617, again by large inter-individual variation, indicating the importance of pre-therapeutic dosimetry. Kabasakal et al. [132] suggested that even an activity of 65 GBq of 177 Lu-PSMA-617 is clinically safe for the bone marrow. Reported differences may lie in different patient population and selection for therapy. For instance, the Bad Berka group [111] reported no grade 3 or 4 side effects, whereas the Heidelberg group [119] and also the German multi-center study [113] had some grade 3 and 4 toxicities. We believe that fractionation of the activities is the best way to avoid severe bone marrow toxicity as published tolerance limits do not seem to be reliable for the concept.
Response to therapy
It can be assumed that the strong tumor response is attributable to the high doses delivered to the tumors (Table 4) . The absorbed tumor dose amounts to > 50 Gy in patients receiving an accumulated mean activity of 18 GBq [118] , but may also come up to 500 Gy [111] for small LN metastases. Generally, the absorbed tumor dose is about ten times higher than the dose calculated for the critical organs kidney and salivary glands [117, 118, 132, 133] . The potential of the 68 Ga/ 177 Lutheranostic concept was first proven using the ligands PSMA-I&T [24] and PSMA-617 [138] . Initial reports suggest that pretherapeutic PET data in terms of SUV max values correlate with absorbed tumor dose and changes in terms of decreasing SUV max values in patients receiving either 177 Lu-PSMA-I&T [134] or 177 Lu-PSMA-617 [118] , emphasizing also the need of PSMA ligand PET imaging for patient selection.
Response to PRLT is usually assessed in terms of biochemical response by decreasing PSA values following each therapy cycle (Fig. 5) . Responding patients usually show a PSA decline already after one therapy cycle with 6 GBq only. So far, only a few studies reported response assessment using the RECIST or PERCIST criteria [111, 112, [115] [116] [117] , and also clinical response data are limited [111, 112, [115] [116] [117] . In addition, response assessment is difficult as well, as patients may respond remarkably to PRLT at one metastatic lesion site but may develop new lesions at another site, thereby showing a mixed response [MX; 123] . Especially bone metastases and small LN metastases may escape detection by stand-alone conventional imaging, demanding PET follow-up.
Using 177 Lu-PSMA-I&T Baum et al. [111] were the first who reported on a larger series of patients who received up to 68 Ga-PSMA-11 PET/CT (low-dose CT) of an 80-yearold CRPC-patient who had received treatment with 177 Lu-PSMA-617. On the PET scan prior to therapy, local tumor in the prostate bed (red arrow), multiple abdominopelvic and one cervical LN metastases (green arrows) were clearly visible on maximum intensity projection (MIP) (1a) and on fused axial PET/CT-images (1b, 1c). Restaging PET/CT performed 8 weeks after administration of four cycles of 177 Lu-PSMA-617 with a total accumulated activity of 24.9 GBq showed a significant reduction of the primary tumor (red arrow) and an impressive partial response of LN metastases with only small metastases left in the right iliac region (green arrows), as displayed on MIP (2a) and fused axial PET/CT-images (2b, 2c) six therapy cycles (3.4-8.7 GBq/cycle) given approximately 8 weeks apart. Overall, a decreased PSA response was found in 45/56 (80.4%) of patients. A PSA decline of ≥50% was seen in 33 patients (58.9%). In 25 patients who received more than two therapy cycles, a partial remission (PR) was reported in 14, a stable disease (SD) in two, and progressive disease (PD) in nine patients by 68 Ga-PSMA-11 PET/CT. The median PFS was 13.7 months, and the median OS was not reached during the follow-up period of 28 months. Additionally, significant improvement of clinical symptoms and excellent pain palliation can be achieved as reported by the same authors later on when they summarized their results in 190 patients receiving 1-7 treatment cycles with a median activity of 6 GBq per cycle [112] . In 80 patients who had at least one course of PRLT with either PSMA-617 or PSMA-I&T, a PSA reduction ≥50% was seen in 46/80 (57.6%), any level of PSA reduction in 61/80 (76.3%) patients. In 58 patients, the response according to RECIST was as follows: complete remission (CR) in five patients (8.6%), PR in 12 patients (20.7%), SD in 23 patients (39.7%), and PD in 18 patients (31.0%). In general, the authors reported that LN metastases responded better than bone metastases. Survival data were analyzed in 104 patients and showed a progression-free survival (PFS) of 10.7 months from the commencement of therapy. The most common adverse event was mild fatigue and five patients (4.2%) reported mild dryness of the mouth.
Recently, the first retrospective multicenter study from 12 German institutions was published by Rahbar et al. [113] . The institutions used 177 Lu-PSMA-617 and reported the results from 145 patients who received 1-4 cycles (in total 248 cycles), 8-12 weeks apart, 2-8 GBq 177 Lu-PSMA-617. The median follow-up time was 16 weeks (range, 2-30 weeks). The primary end point for efficacy was biochemical response defined by a PSA-decline ≥50% from baseline at least 2 weeks after the start of PRLT. The patient characteristics included a broad range of previous therapies such as ADT, chemotherapy, abiraterone, enzalutamide, 223 Ra or RT. The administered activities also had a broad range, but most patients received one or two cycles only. The overall biochemical response rate was 45% after all therapy cycles, whereas 40% of the patients already responded after the first therapy cycle. The secondary endpoint was investigator-assessed conventional imaging response showing CR in 2%, PR in 45%, SD in 28%, and PD in 25%. In terms of toxicity, hematotoxicity grade 3-4 occurred in 18 patients with 3% leukopenia, 10% anemia, and 4% thrombocytopenia and xerostomia was reported in 8% of patients. Noteworthy, elevated alkaline phosphatase (AP) and the presence of visceral metastases were negative predictors, whereas the total number of therapy cycles was a positive predictor of biological response.
Yadav et al. [115] treated 31 patients with 177 Lu-PSMA-617 with 1-4 cycles, the average activity was 5 ± 1.8 GBq. Biochemical response was observed in 22/31 patients (70.9%), metabolic response according to PERCIST criteria showed CR in 2/6 patients, PR in 3/6 patients, SD in 1/6 patients, and clinical response measured by Visual Analogue Scale (VAS) score, analgesic score (AS), Karnofsky Performance Status (KPS), and toxicity and response criteria of the Eastern Cooperative Oncology Group (ECOG) performance status improved in approximately two-thirds of the patients.
In 19 patients, Heck et al. [116] used 177 Lu-PSMA-I&T administering an activity of 7.4 GBq/cycle. Combined assessment of bone and soft tissue metastases showed a CR in 5% of patients, SD in 63% and PD in 32%, while ECOG performance status improved or was stable in 74% and pain reduction was seen in 58% of patients.
Fendler et al. [117] reported PR in 4/15, SD in 6/15, and PD 5/15 using RECIST criteria after 2 PRLT-cycles with 177 Lu-PSMA-617. Furthermore, significant pain relief was documented in 7/10 symptomatic patients and improvement of Quality of Life (QoL) in 9/15 patients.
Scarpa et al. reported in 5/10 consecutive patients PSA response who also showed an objective radiological and metabolic response by 68 Ga-PSMA-11-PET/CT in terms of PR, MX, or SD [118] .
Using PSA as response parameter, Kratochwil et al. [119] found in eight of 11 patients who were treated with three cycles of 177 Lu-PSMA-617 a sustained PSA-response (> 50%) for over 24 weeks, which correlated with radiological response. PSA response can be seen as early as after one therapy cycle only with decline of more than 50% from baseline values [120] . In 47/74 patients (64%), a PSA decline was noticed after one therapy cycle only (5.9 ± 0.5 GBq) with a pronounced decline of > 50% in 23/74 (31%) of patients [114] . Similar response with a PSA decline > 50% in about 60% of patients was reported by Baum et al. [111] receiving up to five cycles of 177 Lu-PSMA-I&T. In accordance with the findings of Kratochwil [119] , also Scarpa et al. [118] found diverging results of PSA levels and PET/CT as well as wholebody imaging questioning PSA as a reliable parameter for tumor response evaluation.
Ahmadzadehfar et al. [120, 121, 139] reported in about 70% of patients a response to 177 Lu-PSMA-617 treatment with PSA decline. In their most recent retrospective evaluation [121, 122] , the authors showed a ≥ 50% PSA decrease in 44.2% after the first, 23.1% after the second, and 19.2% after the third therapy cycle with around 6 GBq each. The median OS was significantly longer for patients who responded with any PSA decline compared to patients without PSA decline (68 vs. 33 weeks). Noteworthy, patients who showed no PSA response after the first cycle responded after the second or third therapy cycle. Regarding side effects, only two patients developed grade 3 anemia, while no severe nephrotoxicity was reported. No detailed conclusion on salivary gland toxicity can be drawn from their publications.
Bräuer et al. [123] , who retrospectively reviewed 59 patients, calculated that a PSA decline after the first treatment cycle was associated with a longer OS. In their study, the median estimated PSA-PFS was 18 weeks and only AP < 220 U/l was significantly associated with a longer PFS.
Alpha-emitting PSMA ligands
Recently, first-in-human treatment with an α-emitting PSMAligand was presented by Kratochwil et al. [129] . Salvage therapies empirically conducted with 50 kBq/kg (n = 4), 100 kBq/ kg (n = 4), 150 kBq/kg (n = 2), 200 kBq/kg (n = 4) of 225 Ac-PSMA-617 were evaluated retrospectively regarding toxicity and treatment response. Eight out of 14 patients received further cycles in either 2-or 4-month intervals with identical or de-escalated activities. Dosimetry estimates for 1 MBq of 225 Ac-PSMA-617 assuming a relative biological effectiveness of 5 revealed mean activities of 2.3 Sv for salivary glands, 0.7 Sv for kidneys, and 0.05 Sv for red marrow that are composed of 99.4% alpha, 0.5% beta, and 0.1% photon radiation, respectively. In clinical application, severe xerostomia became the dose-limiting toxicity if treatment activity exceeded 100 kBq/kg per cycle. At 100 kBq/kg duration of PSAdecline was < 4 months, but if therapy was repeated every 2 months, patients experienced additive anti-tumor effects. Treatment activities of 50 kBq/kg were without toxicity but induced insufficient anti-tumor response in these high-tumorburden patients. Remarkable anti-tumor activity by means of objective radiological response or PSA decline was observed in 9/11 evaluable patients. The authors concluded that for advanced-stage patients, a treatment activity of 100 kBq/kg 225 Ac-PSMA-617 per cycle repeated every 8 weeks presents a reasonable trade-off between toxicity and biochemical response. The dosimetry estimate using increasing dose of 225 Ac-PSMA-617 targeted α-therapy with 225 Ac-PSMA-617, although still experimental, obviously has strong potential to significantly benefit advanced-stage PC patients.
Sathekge et al. [130] reported a first-in-human treatment of 213 Bi-PSMA-617-targeted PRLT and presented impressive preliminary response in one patient after two cycles with a cumulative activity of 592 MBq.
Iodinated ligands
Afshar-Oromieh et al. [126] used 131 I-MIP-1095 and showed that the first dose of PRLT presented with low side effects and could significantly reduce the tumor burden in the majority of patients. The second and third therapies were less effective and presented with more frequent and more intense side effects, especially hematologic toxicities and xerostomia. A preliminary evaluation by Tesson et al. [125] using 131 I-MIP-1095 in combination with radiosensitizing chemotherapeutic drugs increased tumor uptake in PC cells and may thus optimize PRLT when combined.
Future of PRLT
Tailored multimodality options may become the future of Bprosta(g)nostic^concepts including the combination of existing therapies such as with 223 Ra, RT, and proberadioguided surgery. Future phase II/III studies are warranted to elucidate the survival benefit of PRLT in patients with CRPC. The major limitations of existing retrospective PRLT reports are heterogeneous patient cohorts suffering from very advanced disease stages with negative prognostic factors such as GS, visceral metastases, and extensive pretreatments (negative referral bias). Results might be better in CRPC patients with confined disease extent and fewer pre-treatments. PRLT could better be given earlier and eventually in combination with new-generation ADT such as enzalutamide with acceptable side effects and improved QoL.
In fact, van Eyben et al. [140] systematically analyzed PRLT with 177 Lu-PSMA-617 and 177 Lu-PSMA-I&T against third-line treatment of PC with abiraterone, enzalutamide, and cabazitaxel. Ten studies consisting of 746 patients reported third-line treatment with abiraterone, enzalutamide, and cabazitaxel. Combined, 20% of the patients had ≥50% reduction of PSA. Ten studies consisting of 506 patients reported 177 Lu-PSMA PRLT. Forty-two percent of the patients had ≥50% reduction of PSA. Third-line treatment gave a lower rate of ≥50% reduction of PSA than 177 Lu-PSMA PRLT (p < 0.001, χ2 test). This analysis indicates that RLT can be more effective than established therapies.
Definition of response to PRLT is a problem. Treatment stratification is based on PET/CT positivity and disease progression thereby tailoring patient selection for PRLT. Only a combination of available measures (clinical status, quality-oflife measurements, PSA-values, PET/CT with PSMA-ligands, CT, MR) seems to be appropriate, the most important one probably remains the clinical status of the mostly elderly patient. Increasing the treatment activity or number of cycles, or shortening the time interval between the cycles are options that may be considered in future prospective trials [118] . The question of the necessity of kidney protection seems to be best answered on individual kidney function as a result of pre-treatments or existing concomitant diseases, i.e., diabetes and hypertension [133] . A future possibility would be the combination of radiosensitizing chemotherapeutic drugs with PRLT [125] . Kulkarni et al. [112] suggested that Bthe ideal patient for PRLT could possibly be one receiving PRLT before chemotherapy (or maybe in combination with chemotherapy) with good baseline bone marrow function and a good baseline performance status^.
Syngeneic models of murine PC may be useful for studying the effects of PSMA-directed PRLT combined with potentially synergistic pharmacological approaches [141] as the rapid clinical translation of theranostics of prostate cancer (Bprostanostics^) lacks optimization of the radiation dose.
Results with α-emitter-PSMA-PRLT are preliminary [129, 130] -though very encouraging-but potential side effects need to be better understood.
The existing dosimetry data suggest that a combination of 223 Ra and 177 Lu-PSMA-617 may evolve into a tailored treatment strategy for advanced-stage CRCP patients. 223 Ra is readily available and clinically effective for skeletal metastases [18, 142] , which do seem to respond to 177 Lu-PSMA PRLT heterogeneously. Furthermore, side e ff e c t s f o r 2 2 3 R a -t h e r a p y a r e m o d e r a t e [ 1 4 3 ] . Hematotoxicity following treatment with 2 2 3 Ra (3.5 MBq per injection) was calculated to range from 0.5 Gy [144] to 1.5 Gy [145] . Lassmann and Nosske [146] reported 1.3 Gy using biokinetic models based on ICRP guidelines [147] . In fact, Ahmadzadehfar et al. [120] recently have shown that repeated cycles of 177 Lu-PSMA-617 PRLT after previous 223 Ra-therapy are safe, with only a very small probability of hematotoxicity. Practically, α-particles have clear advantages over ß-particles for treatment of micrometastases including a short tissue range, which delivers circumscribed energy deposition while sparing surrounding normal tissue [148] . Thus, side effects following 223 Ra-therapy mainly stem from the bone marrow, whereas 177 Lu-PSMA-617-therapy practically shows little negative effect on bone marrow. In order to treat LN and visceral metastases, it would seem appropriate to add 177 Lu-PSMA-617 to an existing 223 Ra-therapy as side effects to the salivary glands from 177 Lu-PSMA-617, are mostly transient or relieved.
Conclusions
The current status of theranostics in prostate cancer (BProstanostics^) is summarized in Fig. 6 .
Imaging
In high-risk PC patients, the likelihood of LN and bone metastases is increased and these can be detected by 68 Ga-PSMA-ligand PET/CT or PET/MR. Several studies demonstrate the superiority of 68 Ga-PSMA PET/CT over CT, mpMRI, bone scan alone / or over 18 F-choline PET/CT, for detection of metastases for initial staging at primary diagnosis. This can significantly influence patient management, although the impact on overall survival remains Fig. 6 Current status of theranostics in prostate cancer ("Prostanostics"). The current status of PSMA-directed theranostics in PC patients is based on retrospective studies. 68 Ga-PSMA PET/CT in primary staging is meaningful in patients with high-risk PC for local tumor assessment. The combination with pelvic multi parametric (mp)MR (or PET/ mpMR) reaches the highest impact on patient management. In secondary staging for local recurrence, 68 Ga-PSMA PET/mpMR is superior to PET/ CT, whereas for distant recurrence, PET/CT has equivalent results and is faster and cheaper compared to PET/mpMR. 68 Ga-PSMA PET/CT is superior to unanswered. There may be a role for 68 Ga-PSMA-PET in PC patients with an intermediate risk also. 68 Ga-PSMA ligand PET/CT or PET/MR has a high detection rate including low biochemical PSA recurrence with significant impact on patient management in terms of therapy response assessment, selection of patients for salvage therapy, or targeted biopsy. In principal, PET positivity correlates to increasing PSA values with a 50% of chance to detect a tumor lesion when PSA = 0.5 ng/ml and ≥90% when PSA = 1.0 ng/ml, which basically shows that PSMA PET has a superior sensitivity to 18 F / 11 C-choline. For local recurrence, 68 Ga-PSMA PET/MR or PET/CT in combination with mpMR is most appropriate. Distant recurrence can be imaged best by PET/CT, which is faster and cheaper compared to PET/MR and has a similar accuracy. The availability from 68 Ge/ 68 Ga generators favors the use of 68 Ga-PSMA ligand PET/CT by institutions that do not have access to a cyclotron as 18 F-PSMA ligand imaging is emerging.
Prospective multicenter diagnostic trials are mandatory for high-level evidence needed for incorporation into guidelines.
Therapy
Recent retrospective data with 177 Lu-/ α-emitting-PSMA ligands show favorable safety and high efficiency exceeding those of other third-line systemic therapies in CRPC patients. Preliminary data suggest a significant survival benefit for patients treated with 177 Lu-PSMA-617 or 177 Lu-PSMA-I&T of several months. The theranostic approach urgently warrants future prospective studies.
